T he evolutionary origins and molecular basis for the various mechanisms for distinguishing self from nonself remain among the most intriguing of immunological puzzles at all levels of biological organization (Ratcliffe 1993) . Insects and other invertebrates lack the immunoglobulins and adaptive responses that characterize vertebrates, yet they possess efficient innate immune systems comprising both cellular and humoral elements (Vilmos and Kurucz 1998, Nappi and Ottaviani 2000) .
Initial defenses against potentially invasive organisms generally are integumental or midgut defenses, which may involve various cytotoxic proteins and antimicrobial peptides synthesized by epidermal cells and transported to the sites of wounding (Brey et al. 1993) . Foreign organisms that breach integumental barriers or instead pass through the gut wall to invade the host's hemocoel encounter reactive blood cells (hemocytes) and an array of both nonspecific and specific inducible cytotoxic molecules.
The predominant cellular immune responses of insects are phagocytosis and encapsulation. The latter response, which represents a type of communal phagocytosis, is directed against eukaryotic organisms and is characterized in part by the adhesion of numerous hemocytes to foreign surfaces to form a multilayered capsule. Localized melanization reactions are believed to generate cytotoxic pigment precursors and reactive intermediates of oxygen and nitrogen (Vass and Nappi 2000) that destroy the encapsulated organisms.
Humoral immunity involves the induction of proteolytic cascades that cause hemolymph coagulation (Muta and Iwanaga 1996) and the synthesis of antimicrobial peptides (Meister et al. 2000) . In Drosophila adults, the fat body is principally responsible for the production of antibacterial and antifungal peptides following septic injury. Extensive research in the area of antimicrobial peptides has determined that cecropins, drosocin, and attacin are effective against gram-negative bacteria, while defensin and metchnikowins are effective against gram-positive bacteria (Meister et al. 2000) . The peptides drosomycin and metchnikowin have been shown to have antifungal activity, but the activity of diptericin remains to be elucidated.
The use of reactive intermediates of oxygen and nitrogen as killing molecules represents an evolutionarily ancient innate immune response generated by both plants and animals (Bogdan et al. 2000, McDowell and Dangl 2000) . Ligand binding of phagocytic cells to pathogens or parasites generates these reactive molecules, which in turn initiate a genetic program that coordinates the production of proteins with protective functions.
Host resistance and parasite virulence are genetically determined features that materialize as a result of the organisms coevolving with adaptive but opposing strategies. The interactions of endoparasitic wasps (parasitoids) with their insect hosts represent useful systems for studying the interactions between opposing genomes. In these conflicts, either the hosts are consumed by the endophagous juvenile stages of the parasitoid or the latter are destroyed by the host. The fate of the host depends on its ability to identify the endoparasitoid as nonself and to synthesize cytotoxic molecules that specifically target the foreign organism. Conversely, the developmental fate The associations of various species of Drosophila with certain solitary endoparasitic wasps provide exceptionally good experimental systems for studying the population dynamics of the coevolving traits of host resistance and parasitoid virulence (Kraaijeveld et al. 1998) . This review examines the interactions between Drosophila melanogaster and its larval endoparasitoids (e.g., Leptopilina boulardi, Leptopilina heterotoma, Asobara tabida, and Ganaspis mellipes) to illustrate the nature and genetic bases of the counterstrategies used by the combatants in their struggles to protect their own homeostatic mechanisms. In addition, we discuss some of the cellular and humoral mechanisms involved in insect innate immunity and their associated signal transduction processes. These studies highlight the similarities that exist in the innate immune systems of vertebrates and invertebrates.
Drosophila-endoparasitoid associations
In immune-competent (i.e., resistant) larvae of D. melanogaster, the cellular immune response against the eggs of endoparasitic wasps involves the proliferation and differentiation of larval blood cells and their participation in cellular encapsulation of the eggs of the parasitoid and in the generation of cytotoxic molecules (Figure 1, left panel) . In Drosophila larvae, the most numerous blood cell type in circulation is the plasmatocyte. However, when an immune response is elicited against a foreign entity (e.g., parasitoid), plasmatocytes rapidly multiply and subsequently transform into large flattened cells called lamellocytes (Nappi and Streams 1969) . Foreign organisms that are too large to be phagocytosed are surrounded by numerous lamellocytes and sequestered within a multilayered capsule. Another type of blood cell that participates in immune responses is the crystal cell, which is characterized by dark, rectangular, paracrystalline inclusions that contain enzymes ( Figure 1 , left panel). The main role of crystal cells during an immune reaction is to come in contact with the foreign surface (e.g., that of a newly deposited parasitoid egg), lyse, and release enzymes that cause the formation of melanin and the synthesis of cytotoxic molecules during the cellular encapsulation.
It is generally acknowledged that passive protection against cellular encapsulation is afforded to those endoparasites that either develop in host locations inaccessible to hemocytes (Rizki et al. 1990, Eslin and Prevost 2000) or possess molecular surfaces that the host fails to distinguish as nonself. Many species of endoparasitic wasps actively circumvent the host cellular immune response by introducing immune-suppressive substances (e.g., viruslike particles, polydnaviruses, proteins, or venom of maternal origin) into the host at the time of oviposition (Strand and Pech 1995, Beckage 1998) . Viruslike particles, which appear to be the immune-suppressive substance introduced into Drosophila larvae by ovipositing L. boulardi, presumably target specific hemocytes, adversely affecting their ability to recognize nonself, to form melanotic capsules, and/or to synthesize cytotoxic molecules ( Figure 1 , right panel; Rizki et al. 1990 , Russo et al. 2000 . Endoparasitoids that succumb to host encapsulation presumably lack or have diminished immune-suppressive capabilities.
Genetic basis of specificity
In the Drosophila-endoparasitoid wasp associations, each combatant has been shown to possess the genetic capacity to reciprocally influence the other's growth and development (Vass and Nappi 2000) . In host larvae, the gene conferring immune competence against L. boulardi is located on the second chromosome, as is a separate gene that confers resistance against the parasitoid A. tabida (Hita et al. 1999 , Poirie et al. 2000 . The allele for resistance is dominant to the allele for susceptibility. In crosses involving the reciprocal exchange of the second chromosome, a host strain initially resistant to L. boulardi can be made susceptible, and an initially susceptible strain can become highly resistant (Figure 2 ). Returning the chromosome to the original strain completely restores in subsequent generations each host strain's initial resistance or susceptibility to L. boulardi (Figure 2 ). Immune specificity is evidenced in comparative studies showing that a host strain totally susceptible to L. boulardi can, on the other hand, be highly resistant against A. tabida (Orr and Irving 1997 , Benassi et al. 1998 , Poirie et al. 2000 , employing in the latter case the same cellular and biochemical killing mechanisms used by resistant hosts against L. boulardi (Vass et al. 1993) . The virulence of the endoparasitoid L. boulardi is also specific and is due to separate genes, each encoding immune suppression against a different species of Drosophila (Dupas and Carton 1999) . Avirulent parasites lack immunesuppressive ability. The alleles for virulence and avirulence in L. boulardi are codominantly expressed (Poirie et al. 2000) .
Interaction of opposing genomes
Comparative studies of the physiological and biochemical changes manifested by hosts during the early stages of infection provide a basis for interpreting the interactions of the opposing genomes involved in Drosophila host nonself recognition and parasitoid virulence. The cellular immune response manifested against avirulent parasitoids includes the activation, proliferation, and differentiation of hemocytes; melanogenesis; and the synthesis of cytotoxic substances (Vass and Nappi 2000) . These host responses, which are expressed in Drosophila larvae infected with G. mellipes (Figure 1 , left panel), are suppressed completely by the virulent parasitoid L. heterotoma (Figure 1 , right panel, and Table 1 ). However, in hosts infected with a virulent strain of L. boulardi, parasitoid-derived immune-suppressive substances effectively block only melanogenesis and the synthesis of cytotoxic molecules but apparently have little or no effect on hemocyte proliferation and differentiation (Russo et al. 2000) .
Studies of blood cell changes in Drosophila larvae have shown that against avirulent parasitoids there is a significant increase in the total number of cells and the percentage of capsule-forming lamellocytes (Figure 3 ; Nappi and Streams 1969) . In marked contrast, virulent parasitoids suppress hemocyte proliferation and the transformation of plasmatocytes into lamellocytes. Changes in the percentage of crystal cells reflect their participation in the melanotic encapsulation of avirulent parasitoid eggs, a process that removes these cells from circulation. The differences observed in the degree of immune-suppressive activities between L. boulardi and L. heterotoma indicate that the opposing genetic systems of host and parasitoid are continually evolving under selection pressures, with varying degrees of gene expression manifested in different geographic populations and at different times (Kraaijeveld et al. 1998, Kraaijeveld and Godfray 1999) .
Hemocyte recognition
Insects lack both antibody-mediated specificity and immune memory and thus are without adaptive immunity. They do, however, possess innate cellular immune responses that are as effective as those of vertebrates. The ability of insects and other invertebrates to detect and combat infectious agents and abnormally developing endogenous cells necessitates the involvement of receptor-mediated responses and various endocytic and exocytic processes that facilitate cell-to-cell communication and the synthesis of cytotoxic molecules (Ottaviani et al. 1995) . Hemocytes have long been recognized as essential components in the nonself-recognition process that attends parasitoid encapsulation, but the precise mechanism(s) by which these cells discern foreignness has never been ascertained. It has been suggested that cells involved in innate immune responses against microbial pathogens employ pattern recognition receptors, which recognize conserved molecular patterns shared by various pathogens (Medzhitov and Janeway 2000) . Lectins, which possess different carbohydrate binding affinities, may be prime candidates for invertebrate recognition molecules (Horak and Vanderknaap 1997 , Yoshino et al. 1998 , Franc and White 2000 and, through synergistic actions, function as pattern receptors. In D. melanogaster, a number of lectins or lectinlike molecules have been purified from pupal extracts and expressed in the larval imaginal discs (Haq et al. 1996, Leshko-Lindsay and Corces 1997) , and a multigene family has been characterized that appears to encode proteins with lectinlike activity (Theopold et al. 1999 ). It remains to be determined whether the synergistic actions of different lectins on hemocyte surfaces can function in a combinatorial fashion to identify endoparasitoids and target them for destruction. What is evident from comparative analyses of hemocyte changes in resistant and susceptible hosts is that, following some type of receptor-ligand binding, ensuing signaling pathways activate immune genes, which in turn spawn a cascade of responses that include hemocyte proliferation and differentiation, melanization, and the synthesis of cytotoxic molecules (Vass and Nappi 2000) .
Signaling cascades and hemocytes
The initiation of an immune response requires the perception of signal molecules (elicitors) that are either synthesized by the invading organism or released from host cells interacting with the offending organism. The ensuing responses made by immune cells may be regulated by growth factors, cytokines, hormones, or other molecules that engage specific receptors and set in motion intracellular signals or second-messenger systems that in turn activate specific genes. Our knowledge of cell-cell communications during immune responses in insects is poor. Regulatory pathways involved in the synthesis of immune peptides in Drosophila include the imd pathway, the Toll pathway, and 18-wheeler (Meister et al. 2000) . Of these three pathways, components of the Toll signaling system have been elucidated and studied extensively. The cytoplasmic domain of a transmembrane receptor protein termed Toll is homologous to the cytoplasmic domain of the mammalian interleukin-1 receptor (Kopp and Medzhitov 1999 (Luo and Zheng 2000) . Two components of the Drosophila Toll pathway, Dorsal and Cactus, are homologous to mammalian NF-κB and I-κB, respectively (Medzhitov et al. 1997 ). The Toll pathway not only plays an important role in Drosophila development and immunity, but recent evidence suggests that this pathway also plays a significant role in the regulation of hemocyte proliferation and density (Qiu et al. 1998 , Govind 1999 . The Janus kinase (JAK)/signal transducer and activator transcription (STAT) pathway also has been proposed to play a role in invertebrate immunity (Barrilas-Mury et al. 1999, Imler and . In Drosophila, the hopscotch gene encodes JAK, and mutations in this gene have been shown to cause hematopoietic defects, e.g., overproliferation of plasmatocytes and their premature differentiation into lamellocytes Dearolf 1993, Luo et al. 1995) . Investigations of the JAK/STAT protein pathway have led to the identification and characterization of its components in Drosophila and cellular slime mold (Dearolf 1999, Myrick and Dearolf 2000) , including the identification of a STAT gene in Drosophila (Yan et al. 1996) . Most important, the Drosophila JAK/STAT pathway has been found to regulate normal embryonic and adult segmentation, cell proliferation and differentiation, and hyperactivation of the pathways leading to tumor formation and hemocyte hyperproliferation (Dearolf 1999) . However, the involvement of the JAK/STAT pathway in the innate immune cellular response of Drosophila remains to be determined.
Cactus/Dorsal, NF-κB, and killing molecules
In response to microbial challenge or septic injury in Drosophila, the Toll signaling pathway is activated. The binding of a ligand to the Toll receptor transmits the signal to proteins (Tube and Pelle) within the insect fat body cell. Subsequently, Cactus dissociates from Dorsal (or another Rel-related protein) by a process that involves phosphorylation and degradation of the I-κB-like molecule. As the dissociation of Cactus occurs, Dorsal concomitantly translocates into the nucleus, thereby activating the transcription of various antimicrobial genes (Meister et al. 2000) .
In mammalian systems, NF-κB is activated by a wide variety of factors, including lipopolysaccharide, viruses, tumor necrosis factor-α, interleukin-1 (Schreck et al. 1991) , protein kinases, eukaryotic parasites, arachidonic acid (Camandola et al. 1996) , hypochlorous acid (Schoonbroodt et al. 1997) , reactive intermediates of oxygen , and hydrogen peroxide (H 2 O 2 ) via the respiratory burst (Kaul and Forman 1996) . These diverse activators of NF-κB use different receptor systems and intracellular signal-transducing pathways, but they all elicit the same effector responses that result in the phosphorylation and proteolytic degradation of I-κB; the production of transcriptionally active NF-κB; and the generation of reactive intermediates of oxygen, most notably H 2 O 2 from the dismutation of superoxide anion and nitric oxide from the activation of the inducible form of nitric oxide synthase (Schmitz 1995) . The idea that reactive intermediates of oxygen, such as superoxide anion, H 2 O 2 , and nitric oxide, function in signal transduction in animal cells is not without precedent, as redox regulation of transcription factors is known to occur also in bacteria and plants (Baeuerle et al. 1996, McDowell and Dangl 2000) . It is of interest to note that a recent study of the humoral component of the vertebrate immune system reported that antibodies have the ability to convert molecular oxygen into hydrogen peroxide, thereby providing an important link between nonself recognition and cellular killing mechanisms (Wentworth et al. 2000) .
In Drosophila cellular immune reactions against metazoan parasites, the presence of superoxide anion, H 2 O 2 , and nitric oxide has been demonstrated (Vass and Nappi 2000) . What remains to be determined is whether the transcriptional activation of the NF-κB-like molecule, Dorsal, during the antimicrobial immune response in Drosophila results in the generation of reactive intermediates of oxygen and nitrogen. This information would lead to the elucidation of additional components involved in the signal transduction and immune gene activation of this insect.
Concluding remarks
Different signaling pathways undoubtedly are involved in the complex cascade of insect host responses that result in cellular melanotic encapsulation of endoparasitoids. If some of these signaling pathways "cross talk" and employ common transcription factors, attempts to identify the elements controlling the activation of immune genes are likely to be formidable tasks. One approach to the problems concerning receptor-ligand identity and immune gene activation is to first identify the cytotoxic molecules that terminate the hostparasitoid conflict. Once they are identified, the enzymes and biochemical reactions mediating their formation can be examined to ascertain their modes of activation. It is likely that at the site of nonself recognition, various signaling pathways are activated that control the expression of immune response genes. Future directions for research include identifying and investigating the hemocyte receptors involved in nonself recognition and in the triggering of the signaling pathways involved in cell recruitment and cytotoxicity.
